A detailed computational modelling study of the micro-cavity discharge (MCD) thruster is presented. The MCD thruster concept incorporates a microdischarge with dielectric covered electrodes operated using alternating current (ac) excitation. The thruster geometry comprises a constant area pipe section followed by a divergent micro-nozzle. Two ring electrodes are embedded in the wall of the pipe section with the downstream electrode close to the pipe-micronozzle intersection. A microdischarge plasma is generated in argon propellant gas flowing through the thruster. A detailed plasma dynamics model coupled with the compressible Navier-Stokes equations is used to study the flow and plasma phenomenon in the thruster. Results show a highly pulsed microdischarge with plasma densities of ∼10 19 m −3
Introduction
Microsatellites are small spacecraft (typically < 100 kg in mass) that require a low-mass, low-volume, on-board propulsion system to perform station keeping, attitude control and orbit correction manoeuvers [1] . The thrust requirements for these manoeuvers range from micronewtons to millinewtons with the usual requirements of high specific impulse and propulsive efficiencies in order to maximize the utility of limited stored propellant mass. Cold gas microthrusters [2] are effective in fulfilling the thrust requirements but are limited by low specific impulse, which limits satellite operational lifetimes. A relatively straightforward approach to improve performance of a cold gas microthruster is to preheat the propellant stream and enhance the kinetic energy of the gas at the exit. Current strategies to deposit thermal energy into the flow include the conductive/convective heating of a propellant flow using a resistive heating element (called resistojets [3] ) and the proposed use of direct-current (dc) microdischarge-based micro-plasma thrusters (MPTs) [4] . The resistojet is relatively inefficient since the hottest part of the system is the heating element whose temperature is limited to hundreds of kelvin above ambient, in small-scale resistojet devices [1] . In the case of MPT devices the electrodes are exposed to the plasma and therefore subject to wear through ion bombardment heating and sputter erosion effects. As an improvement to this design it is possible to use refractory dielectriccovered electrodes [5] . Such thrusters, known as micro-cavity discharge (MCD) thrusters, however, need alternating current (ac) (e.g. radio frequency (RF)) excitation to drive power into the gas. The dielectric-covered electrodes with discharge gaps of the order of micrometres constitute a system similar to a micrometre-scale dielectric barrier discharge (micro-DBD). Recent simulation studies on micro-DBDs have revealed that significant gas heating is possible using RF excitation in these devices despite the current self-limiting phenomena owing to the dielectric covering [6] . We expect that MCD thrusters should therefore benefit from the controllable gas heating possible in micro-DBDs while maintaining low erosion/wear rates realized with dielectric-covered electrodes.
Micrometre-scale DBDs have found several useful applications such as in plasma display panels (individual pixels in these devices are micro-DBDs). An earlier study by Boeuf [7] on plasma display panel pixels revealed that about 60% of the input electrical energy goes into ion Joule heating. Deconinck [8] studied dc microdischarges in MPT configurations and also found ion Joule heating to be the dominant mechanism for heating of the gas. A specific impulse enhancement of 30 s over a baseline cold gas specific impulse of about 50 s (improvement of 60%) was seen for a total supplied power of 650 mW in their work. There is much interest in dielectric covered electrode based microdischarges, with the principal motivation being improved device lifetime. For example, Park et al [9] studied pyramidal micro-cavity arrays for photonics applications and found that currents on the order of milliamperes were drawn through the devices. With surface areas ∼10 000 µm 2 , the current densities in these discharges can be estimated to be ∼1000 mA cm −2 , indicating that the high power densities attained in these devices are similar to those predicted in simulation studies on MPTs [4] . Cylindrical micro-cavity devices have also been fabricated by Park et al [10] with Al/Al 2 O 3 as the dielectric material and Ar/3% N 2 or Ne being the discharge gas. These discharge devices are able to operate at high power loading and are stable at pressures ∼1 atm unlike their large-scale counterparts. Micro-DBDs are also being used as micro-chemical reactors for chemical processing applications such as the hydroxylation of benzene and toluene [11] . The reduced volume in these microreactors is well suited to handle small amounts of these toxic, flammable chemicals with high rate of heat transfer. The small volumes also help in the precise control of residence time of various species enabling the control of consecutive reactions. A few computational modelling studies of microDBDs have been reported. Seo and Eden [12] investigated neon microplasmas in cylindrical micro-cavity devices with dimensions ∼100-300 µm using a continuum (fluid) model. The geometry and discharge parameters used were similar to experiments done by Park et al [10] . A bipolar voltage excitation with amplitude 150 V and frequency 250 kHz was used and the pulsed nature of the plasma was demonstrated. Two distinct regions were seen in the evolution of the discharge for varying pD (pressure × diameter of cavity). For very low pD (<4 Torr cm), the plasma close to the cavity wall extends to the axis forming an intense plasma due to strong axial electric fields. For higher pressure cases, the negative glow was observed to be close to the walls forming an annular discharge. The conduction currents were seen to be ∼1 mA indicating electrical power supplied to be ∼100 mW.
In this study we explore the operation of the MCD thruster at RFs of ∼10 MHz. In this frequency range the discharge is observed to be highly pulsed with oscillating RF sheaths and a dominant capacitive power coupling into the discharge [13] . This paper is organized as follows. Section 2 describes the computational model used to perform the simulations. Section 3 presents results based on the model, followed by conclusions in section 4.
Methodology

Plasma dynamics model
A self-consistent, multi-species, multi-temperature continuum (fluid) plasma model is used to describe the discharge phenomenon in the MCD thruster. The plasma governing equations are solved on an unstructured mesh using a semiimplicit finite-volume method. The model uses finite rate argon chemistry [4] and will be described below. The plasma is assumed to be characterized by two temperatures: the electron temperature and the heavy species (gas) temperature. The common gas temperature for all heavy species (ions, metastables and neutrals) is a reasonable assumption due to small energy transfer mean free paths for the heavy species when compared with the microdischarge dimensions [8] . The continuum (fluid) approach is also reasonable for the operating pressures (1-40 kPa) and characteristic dimensions (on the order of 100 µm) of interest in this study [8] .
Plasma governing equations.
The species continuity equation is solved to obtain the number densities of ions, metastables and electrons and is given by
Here n k is the number density of species k,Ġ k is the species production rate of species k due to reactions, V is the bulk fluid velocity and k is the particle number flux. For electrons and neutral species, the drift-diffusion approximation,
is used to describe the particle flux with µ k being the species mobility, ϕ the electrostatic potential and D k the species diffusion coefficient. For ions, the drift-diffusion approximation is suspect for small length scale discharges despite the high pressures; the solutions for ion transport with ion momentum equation are seen to be off by about 20% from solutions with the drift-diffusion approximation [8] .
Consequently the full ion momentum is solved to evaluate the ion species particle number flux as shown below. 
Here e e represents the internal energy of electrons given by 3 2 n e k B T e , p e is the partial pressure of electrons given by n e k B T e , u e is the electron convective velocity obtained from the drift-diffusion approximation (u e = e /n e from (2)) and K e is the thermal conductivity. The source terms on the RHS represent the electron Joule heating given by e e · ∇ϕ, the inelastic collision source term given by −e i E e i r i ( E i is the energy of electron-impact reaction i and r i is the rate of progress) and the elastic collision term due to collisions with the background species given by 3 2 k B n e (2m e /m kb )(T e − T g )θ e,kb where m e is the mass of an electron and m kb is the molecular mass of the background species.θ e,kb is the electron-background species collision frequency.
The self-consistent electrostatic potential is obtained from Poisson's equation given by
where e is the electronic charge and ε 0 is the permittivity of free space. Z k represents the charge on species k (e.g. +1 for single positive ions). The species in the argon plasma comprises two metastable species Ar * and Ar * 2 , two ions Ar + and Ar + 2 , electrons and the dominant background argon. The detailed chemistry and mobility calculations used in the model are described in [4, 8] . The ion diffusion coefficients are calculated using the Einstein relation,
The coefficient of thermal conductivity that appears in the gas energy equation is calculated as η k = − γ eff ion ·n.
Heren is the unit normal vector pointing towards the wall. γ eff is the effective secondary electron emission coefficient. The second term on the RHS represents the secondary electron flux. Flux of electrons due to field emission at the wall boundaries is neglected here. This is due to the fact that the MCD thruster operates at pressures ∼40 kPa and discharge gaps ∼100 µm which corresponds to a pd (pressure×discharge gap) ∼3 Torr cm. Field emission is seen to play an important role in discharges with extremely small inter electrode distances typically at a pd ∼ 0.2 Torr cm [14] . Secondary electron emission due to electron impact is also neglected here. The primary electron energy required to initiate emission from metallic surfaces is typically around ∼100 eV but some dielectric materials are found to have lower thresholds ∼10 eV [15] . Therefore, this additional physics could prove to be important which will be explored in future work. The ion flux is calculated based on mobility and the local electric field. It is assumed to be zero if the local electric field is pointing in the direction opposite to the wall. A pure Maxwellian flux is imposed for all the neutral species at the wall. The electron energy flux at the wall is calculated as Q w e = 2k B T e w e . The gas temperature is fixed to 300 K at the walls.
The dielectric wall surfaces trap charge and the evolution of surface charge density (ρ s ) is described by
Here,n is the unit normal vector pointing towards the wall. As has been shown before, charge trapping on plasma-facing dielectric surfaces is an essential mechanism to describing pulse dynamics in discharges with dielectric covered electrodes [6] .
Flow model
The bulk flow equations are solved on a 2D axisymmetric, unstructured, cell-centred, finite-volume framework. The twodimensional form of the compressible Navier-Stokes equation is given by
Here [U ] represents the four conservative variables for mass, momentum and energy, [ F inviscid ] represents the inviscid flux term, [ F visc ] represents the viscous flux term, and [S] represents the source term which is obtained from the plasma solver discussed in the subsequent section. The coefficient of viscosity varies with temperature according to Sutherland's law and the coefficient of thermal conductivity is calculated based on the Prandtl number which is assumed to be 0.67 based on estimates for monoatomic gases from kinetic theory [16] . The electrostatic forces and collisions contribute to the momentum source term which is obtained from the plasma solver given by
Here n i is the number density of species i, u i is the drift velocity, V is the bulk fluid velocity, E is the electric field and ϑ i,k is collision frequency of species i with background neutrals. The source term for the gas energy equation is given by
The first term on the RHS in the energy source term is the ion Joule heating, the second term is the contribution of elastic collisions of heavy species with electrons and the last term represents the energy transfer through inelastic collisions in the finite rate chemistry. E j is the enthalpy of reaction j in electron volts. In previous work we have introduced an ion Joule heating thermalization factor, which essentially accounts for the fraction of the ion Joule heating energy source that is locally equilibrated with the gas [4, 8] . In this work, the pressure in the discharge is sufficiently high enough for the ion Joule heating to be rapidly equilibrated with the gas. In particular, the ion-neutral collisions mean free path can be computed based on mobility data given in [17] whose value is ∼0.1 µm for typical reduced electric fields ∼1000 Td in the system. Thus the mean free path is approximately thousand times smaller than the device length scales. Therefore, the ion Joule heating thermalization factor is assumed to be unity. Also, gas heating due to reflection of quenched ion from the wall boundaries is not considered in these simulations. We assume ion quenching process is accompanied by a complete thermalization of the resulting neutral.
Plasma-flow coupling
The highly disparate time scales associated with the bulk fluid flow phenomena and plasma dynamics require special treatment for plasma-flow coupling effects. Our approach is to first solve the compressible Navier-Stokes equations to steady-state without the influence of the plasma. The steady-state gas temperature, pressure, mass density and bulk flow velocity distribution are used as fixed inputs to the subsequent solution of the plasma governing equations. The plasma is driven by RF excitation and hence the plasma solution is necessarily a periodic transient phenomena. The cycle-averaged power deposition profile into the gas is then computed. This completes a single iteration of the coupled plasma-flow problem. For the next iteration, the cycleaveraged power deposition is used as a source term for solving the Navier-Stokes equation and the process is repeated. A periodic steady state for the plasma-flow coupled problem is reached within a few iterations.
Results and discussions
The geometry and computational mesh used for the MCD thruster simulation is shown in figure 1(a) . The problem is solved in two-dimensional axisymmetric coordinates with axis oriented in the x-direction. The geometry comprises a straight channel (pipe) section followed by a diverging nozzle section downstream of the channel. The channel is defined by a dielectric wall into which two electrodes are embedded as shown in the figure. The gas flow enters the device through the channel inlet at the left and leaves through the vacuum outlet boundary at the nozzle exit on the right. The channel and nozzle exit diameters are 100 µm and 300 µm, respectively. The channel section is 560 µm in length while the nozzle length is 140 µm. The electrodes are 115 µm long in the axial direction and are placed 160 µm apart. The dielectric material is assumed to have a relative permittivity of 9, similar to that of alumina [18] . The thickness of the dielectric layer that separates the electrodes from the gas is 40 µm. We also define the upstream half of the axial length of the dielectric wall as the 'powered dielectric' and the downstream half as the 'grounded dielectric', the two halves being named after the adjacent electrode types. These definitions will be used in interpretation of the results. The computational mesh has approximately 7000 cells in the channel section, 1700 cells in the nozzle and about 8000 cells in the dielectric section. The bulk flow Navier-Stokes equations are solved in the gas subdomains (channel and nozzle sections) while the plasma governing equations are solved only in the channel section. This is justified since the plasma discharge phenomena remains confined to the channel section of the domain and the ability to solve the plasma governing equations over only a subset of the full domain allows for speedier computations. Poisson's equation for the electrostatic potential is solved in the dielectric and the channel subdomains.
We first consider a base case where the powered electrode is driven with a 600 V excitation voltage at 10 MHz. The total pressure and total temperature at the flow inlet is 40 kPa and 300 K, respectively. The wall temperatures are fixed at 300 K. A very low pressure is imposed at the exit plane to mimic vacuum conditions. In practice about 10 Pa is used for the vacuum boundary. The first step in the iterative procedure for the coupled plasma-flow problem is to determine the gas flow behaviour in the device under 'cold flow' conditions, i.e. Navier-Stokes equations solved without the plasma heating of the gas. The propellant gas is assumed to be pure argon and the cold gas mass flow rate for the above conditions is computed to be 0.55 mg s −1 at steady state which is similar to what is seen in experiments described in [19] . Figure 1(b) shows the cold gas pressure distribution in the thruster. The pressure decreases monotonically as the flow accelerates through the device. Within the channel section, the pressure drop is nearly linear as should be expected from a Poiseuille pipe flow behaviour [20] . The expanding nozzle section sees a rapid drop in the pressure until the imposed vacuum conditions are reached at the exit. We must note that in reality, the gas continues to expand in the open space of vacuum as an underexpanded jet. However, for the purposes of this study, the details of the underexpanded jet are not important and hence we chose to truncate the problem domain at the nozzle exit. Figure 1(c) shows the profiles of the axial component of the cold flow velocity. A peak axial velocity of about 400 m s −1 is seen at the exit plane of the nozzle section. Figure 1(d) shows the cold gas flow temperature distribution in the channel and nozzle section. The gas temperature drops continuously as the flow accelerates down the channel and the nozzle owing to isentropic cooling of the gas. The gas expansion process is, however, not perfectly isentropic because of the buildup of a boundary layer profile at the walls owing to which the gas temperature increases in the radial direction at any given axial location. The gas temperature equals the wall temperature at the wall location.
We now analyse the periodic steady-state solution to the coupled plasma-flow simulation. A constant seed electron density of 5 × 10 14 m −3 is used as initial condition for the plasma simulations to determine the breakdown event. The waveforms of the applied voltage at the powered electrode and the currents through the discharge are shown in figure 2 for the 600 V, 10 MHz excitation case. The currents through the discharge are shown in terms of the area-integrated current through the upstream half of the channel dielectric wall (powered dielectric) and the downstream half of the dielectric wall (grounded dielectric). Current densities ∼700 mA cm −2 are seen indicating high power densities in the plasma.
The voltage waveform shown here is the potential at the powered dielectric section shown in figure 1(a) . In the positive half cycle of the applied voltage waveform, the powered dielectric section is anodic while the grounded dielectric is cathodic. The conduction current at the anodic section is predominantly electron current while it is ion current at the cathodic section. It is observed that the electron and ion currents at the dielectric sections are similar in magnitude. The comparable ion and electron currents are due to operation of the discharge at high pressure and the increase in local reduced electric fields brought about gas temperature rise. The cycleaveraged electrical power deposited into the discharge for this case is computed to be 62 mW. Figures 3(a) and (b) show the cycle-averaged Ar + ion density and electron density profiles, respectively, in the channel section for the 600 V and 10 MHz excitation case. Peak cycle-averaged charge number densities of about 2.6 × 10 19 m −3 are seen in the discharge. The average ion densities are much higher in the sheath regions close to the electrodes. This is owing to the relatively high pressures in the channel which limits ion transport, resulting in near Boltzmann equilibrium of the ion densities with the sheath potential. The electrons remain electrostatically trapped within the bulk plasma. The dominant ion in the discharge is Ar + , while the dominant metastable species is Ar*. Figure 3(c) shows the cycle-averaged number density of the dominant metastable Ar * , whose peak number density is of order 2 × 10 21 m −3 in the bulk of the discharge. Ar * is mainly formed through electron-impact excitation of the ground state Ar atoms. Figure 3(d) shows the cycle-averaged production rate of electrons in the channel section. The production of electrons occurs principally through electron-impact ionization of neutral Ar and through Penning ionization reactions as shown in table 1. Therefore, the peak production rates are observed in regions of high electron densities and high Ar * densities. In order to assess the possibility of dielectric sputtering due to ion impact, an estimate of ion-impact energy can be found based on the current-voltage waveform shown in figure 2 . The flux of ions to the dielectric surface based on peak ion currents ∼700 mA cm −2 is ∼4 × 10 22 m −2 s −1 . Also from figure 3(a) an average ion density ∼2 × 10 19 m −3 is seen at the dielectric surfaces. This implies ion drift velocities are on the order of and ion-impact energies are on the order of 0.8 eV. Sputtering due to ion impact occur at energies ∼20-30 eV [13] which is much higher than the above estimate. The main point is that although the voltages are high, the ion-impact energies are still low because of the highly collisional nature of the high-pressure plasma. Figure 4 shows discharge properties related to the thermal heating of the propellant gas. As described in equation (11) , the gas heating is a consequence of Joule heating of ions whose energy is equilibrated rapidly with the gas, energy transfer through inelastic collisions in the plasma and through elastic collisions of electrons with the neutral species. Figures 4(a) and (b) show the distribution of cycle-averaged gas heating source term through elastic and inelastic collisional mechanisms, respectively.
The elastic collision source terms peak in the regions of high electron densities while the inelastic collision source term is highest in regions with high dimer (Ar * 2 ) and monomer (Ar * ) metastable argon densities. The inelastic heating is observed to occur in the bulk of the plasma mainly due to dimer metastable de-excitation and Penning ionization reactions. Figure 4(c) shows the cycle-averaged ion Joule heating in the discharge. The ion Joule heating is about two orders of magnitude larger than elastic heating and an order of magnitude larger than inelastic heating; and is clearly the predominant contributor to the gas heating in the discharge. Ion Joule heating is peaked in the sheath region in the vicinity of the electrodes, owing to higher electric fields. The asymmetry in the ion Joule heating between the powered and the grounded electrode regions is due to the linearly decreasing gas pressure distribution along the length of the channel as shown in figure 1. Neutral densities are higher near the upstream dielectric surface in the vicinity of the powered electrode resulting in higher ion densities and larger ion Joule heating. Figure 4(d) shows the cycle-averaged total energy source term. The integrated cycleaveraged power deposition through ion Joule heating is 46 mW which is about 75% of the total supplied power of 62 mW. The integrated inelastic and elastic heating is about 3 mW and 0.5 mW, respectively.
Effect of addition of N 2
The above results indicate that the contribution to overall heating through inelastic collision source terms are lower than ion Joule heating. The ion Joule heating occurs close to the walls, while the inelastic collisional mechanism heating occurs closer to the axis of the discharge. The inelastic collisional heating is therefore preferable since it results in most of the deposited heat causing an increase in the stagnation conditions benefiting thruster performance, rather than the heat being lost to the wall. An improvement in the contribution of the inelastic collisional heating can potentially be achieved by modifying the plasma chemistry to favour inelastic collisional loss of electron energy (gain of gas energy). We study one possible approach through the deliberate introduction of a relatively small amount of N 2 (20%) into the dominant propellant gas (Ar). Nitrogen is characterized by various low energy rotational, vibrational and electronic energy states that are readily excited by the electrons. These states are also quenched rapidly by collisions with the background gas thus providing an efficient pathway for transfer of electron energy to the gas by the inelastic collision mode. The various excited states of nitrogen have been extensively studied in the literature [21] [22] [23] . To incorporate the presence of nitrogen in the discharge, the pure argon mechanism has been modified by the reactions shown in table 2. Here T e is the electron temperature in eV. In principle, the numerous excited states of nitrogen can be treated as individual species whose densities can be calculated through the solution of conservation equations. However, this approach can quickly become infeasible for a multi-dimensional discharge simulation. Instead we take the approach of simply accounting for the energetics of these excited states using an electron-impact reaction (B6) (table 2). The reaction models electron-impact reactions that result in the production of excited nitrogen species that are immediately quenched back to the ground state. The reaction accounts for the decrease in the energy of electrons due to these excitation reactions and the corresponding increase in the energy of the bulk gas due to quenching. The overall rate of this reaction is calculated accurately using the concept of a 'lumped' reaction rate coefficient determined by the average of all individual electron-impact reaction rate coefficients for the excited species weighted by their corresponding heat of formations.
The procedure has been discussed in detail in [23] . Similarly reaction (B8) is a 'lumped' reaction that represents the excitation of nitrogen to electronically excited states N 2 (B ) and their subsequent quenching. In the case of nitrogen, the residence time of vibrationally excited states of nitrogen is on the order of milliseconds [16] while the flow time scales based on the length of the thruster (700 µm) are on the order of microseconds. These species are thus convected out of the thruster before they can de-excite and transfer energy into the heavy species pool. The energetics of vibrationally excited nitrogen is therefore modelled only as a loss of energy from the electrons without any corresponding contribution to the gas energy. The rotational and electronically excited states of nitrogen on the other hand immediately de-excite thus incurring a loss of energy from the electrons and a gain of energy to the heavy species. The reaction rates for electron impact excitation (B6) is calculated using an off-line Boltzmann solver BOLSIG+ [26] for 80% argon and 20% nitrogen.
Simulation studies were done on the same geometry as shown in figure 1 , the only difference being the use of argon-nitrogen mixture as the propellant gas. The applied voltage waveform used for this case has amplitude of 800 V at 10 MHz. The voltage amplitude chosen is higher than the base case because of higher voltages required to breakdown the Ar-N 2 mixture (in our simulations) compared with the pure argon case. This increase in the breakdown voltage for Ar-N 2 mixture has also been observed in experiments performed on MCDs [19] . Figure 5 shows the cycle-averaged ion Joule heating and inelastic collision source term in the discharge. The magnitude of inelastic collision source terms is observed to increase considerably for the Ar-N 2 mixture propellant gas. The volume-and time-integrated ion Joule heating contributes about 88% of the total power deposition while inelastic collision source term contributes about 12%. The contribution of inelastic collisions in the pure argon case was about 6%. The use of nitrogen (and indeed other molecular gases) to noble gas propellants is therefore a viable approach for improved gas heating in electrothermal class of thrusters driven by cold plasmas.
Effect of frequency
A comparison of discharge properties for changes in the RF frequency is shown in figure 6 . An increase in the drive frequency from 10 to 20 MHz for a fixed peak voltage of 600 V results in an increase in peak electron density in the discharge (see figures 6(a) and (b)). This increase is attributable to the improved capacitive power deposition efficiency at higher frequencies [13] . Figures 6(c) and (d) show the cycleaveraged total gas energy source terms in the discharge for the 10 MHz and 20 MHz case, respectively. The dominant gas heating mechanism is again through ion Joule heating which is dominant in the sheath region. The ion Joule heating, however, appears to be distributed over a large fraction of the discharge volume (closer to the axis) in the 20 MHz case. The integrated ion Joule heating is also calculated to be higher for the 20 MHz excitation (∼64 mW) compared with the 10 MHz case (46 mW).
Thruster performance calculations
The time-averaged total gas power deposition is used as energy source term in the bulk flow Navier-Stokes equations to realize enhancements to the thrust and specific impulse. Figures 7(a) , (b) and (c) show the temperature distribution in the propellant gas flow for pure argon at 10 MHz and 20 MHz RF excitations and for the 80% argon 20% nitrogen case discussed earlier.
The top half of both figures shows the temperature profile for the cold gas case, while the bottom half shows temperatures for the plasma-on cases. Peak gas temperature rise of ∼160 K is observed for the pure argon case at 20 MHz and a slightly lower peak temperature rise is observed for the 10 MHz case. The peak gas temperature rise is seen to be highest ∼200 K for the argon-nitrogen case. Moreover, the temperature rise is seen to be close to the axis compared with the pure argon cases. The volumetric footprint of the temperature increase is significantly larger for the argon-nitrogen case compared with the pure argon cases at 10 and 20 MHz. The larger gas heating observed in the 20 MHz excitation is obviously due to higher cycle-integrated thermal source term as shown in figure 5 . The argon-nitrogen case shows the highest increase in temperature due to the presence of higher cycle-integrated thermal source terms away from the wall. This reduces the loss of energy through heat conduction at the dielectric surfaces and a larger fraction goes into heating the propellant flow. Figures 7(c), (d) and (e) show the flow axial velocity distribution for the three different cases discussed above. A peak velocity ∼650 m s −1 is seen at the exit plane for the argon-nitrogen case at 10 MHz compared with ∼500 m s −1 in the case of the cold gas thruster. Table 3 summarizes the various performance parameters for the different cases discussed above. It is seen that the electrical power for the Ar-N 2 case is higher than the pure argon cases at 20 and 10 MHz. The fraction of discharge power that is converted to thermal energy remains more or less the same for the pure argon cases while it is higher for the Ar-N 2 case due to larger contribution from inelastic collision source terms. The thrust is calculated based on the pressure and axial velocity at the exit plane as shown in the equation below. The specific impulse is calculated as the ratio of the thrust to the mass flow rate times the acceleration due to gravity g as shown below.
Thrust,
Specific impulse, I sp = Ṫ mg .
The mass flow rate tends to decrease slightly with heat addition in the channel section. This is owing to the increase in stagnation temperature while keeping the stagnation pressure a constant; effectively a blockage in the channel that causes an increase in the flow resistance. Thrust also decreases with heat addition but the specific impulse for the hot gas cases is higher than the cold gas. A specific impulse enhancement ∼14 s is observed for the Ar-N 2 case while a rise of about 10 s is seen for the 20 MHz case. The performance enhancement trends observed with increase in frequency and addition of molecular nitrogen is consistent with the experimental work described in [19] .
Conclusions
The discharge phenomenon in an RF excited micro-cavity discharge thruster has been simulated using a coupled plasmaflow model. The cycle-averaged thermal energy source terms are obtained by solving the plasma governing equations which are then coupled with the Navier-Stokes model to obtain enhancement in specific impulse. The operation of the thruster using an alternating current waveform of amplitude, 600 V with varying frequency (10 MHz, 20 MHz) is studied. Results indicate a highly pulsed microdischarge with plasma densities of ∼10 19 m −3 and gas temperature excursions of ∼150 K occurring in the discharge during the pulse. It is also seen that the dominant heating mechanism in these discharges are through ion Joule heating. The addition of molecular gas such as nitrogen into the noble gas propellant stream increases the contribution of the inelastic collision source term significantly. Higher electron densities and spatially dominant thermal source terms are observed at 20 MHz excitation compared with the 10 MHz case. A specific impulse of 61 s was seen after power deposition for the 10 MHz case compared with cold gas specific impulse of 55 s. Higher specific impulse (65 s) is observed for the pure argon case at 20 MHz compared with the 10 MHz case. The addition of 20% nitrogen to the flow resulted in much better performance compared with the pure argon cases. The specific impulse for this case was seen to be 69 s which is the highest among the three cases studied. The results validate the RF excited micro-cavity discharge concept for electrothermal microthruster applications. For the conditions explored in this study, the overall specific impulse of the thruster operating with the microdischarge plasma is found to be about 25% higher than a corresponding cold gas case.
